The brain tumor microenvironment (TME) is emerging as a critical regulator of cancer progression in primary and metastatic brain malignancies. The unique properties of this organ require a specific framework for designing TME-targeted interventions. Here we discuss a number of these distinct features, including brain-resident cell types, the blood-brain barrier, and various aspects of the immune-suppressive environment. We also highlight recent advances in therapeutically targeting the brain TME in cancer. By developing a comprehensive understanding of the complex and interconnected microenvironmental landscape of brain malignancies we will greatly expand the range of therapeutic strategies available to target these deadly diseases.
INTRODUCTION
The tumor microenvironment (TME) contains many different non-cancerous cell types in addition to cancer cells, including endothelial cells, pericytes, fibroblasts and immune cells (Quail and Joyce, 2013) . While several of these cell types are also prevalent in brain tumors, there are some important features that distinguish the normal brain from other tissues; the composition of the extracellular matrix (ECM) is distinctive, there are unique tissue-resident cell types including microglia, astrocytes and neurons, and it is physically protected from inflammation by the blood-brain barrier (BBB). Indeed, the normal brain was long considered to be one of the 'immune privileged' organs in the body that must be sheltered from immune cell entry and/or attack for a number of reasons (Engelhardt et al., 2017; Medawar, 1948) . For instance, activated immune cells produce inflammatory factors that can be cytotoxic and cause neurodegeneration. Additionally, the skull provides a physical barrier to the swelling that often coincides with inflammatory reactions, and thus interactions with the immune system need to be exquisitely regulated within the brain.
However, this viewpoint of immune privilege has been revised as a functional lymphatic vasculature was recently reported along the dural sinuses in mice (Aspelund et al., 2015; Louveau et al., 2015b) , and central nervous system (CNS)-derived antigens have been shown to induce an immune response in the cervical lymph nodes (reviewed in (Louveau et al., 2015a) ). Moreover, in certain brain tumors, the BBB is often compromised and there can be a robust infiltration of multiple immune cell types from the peripheral circulation (Weiss et al., 2009) . Nonetheless, the microenvironment of the normal brain and some early-stage brain tumors is generally immunosuppressive, with essentially no trafficking or patrolling by peripheral immune cells, presenting a formidable challenge to overcome for the successful application of immune-oncology strategies.
In this Perspective, we will review how the brain TME regulates cancer progression and therapeutic response across several tumor types. We will focus on gliomas, including highgrade glioblastoma, the most aggressive primary brain tumor in adults; brain metastases, the most common brain malignancy overall, frequently arising from non-small cell lung cancer (40-50%), breast cancer (15-25%) and melanoma (5-20%) (Eichler et al., 2011) ; and medulloblastoma, the most common pediatric brain cancer. While these tumor types all share a common tissue of residence (i.e. the brain), they are subject to many different inputs from their microenvironment due to variance in evolutionary history (e.g. primary brain tumors versus metastases), cell-of-origin (e.g. medulloblastomas versus gliomas), and niche maturity (e.g. immature brain in pediatric tumors versus the adult brain). Not surprisingly, the unique and highly complex properties of this organ indicate that we will also need to construct a specific framework for understanding and therapeutically targeting TME cells across distinct brain malignancies.
The immune cell landscape of brain tumors
Tumor-associated macrophages and microglia (TAMs)-The majority of immune cells within brain tumors are macrophages (Graeber et al., 2002) , often comprising up to ~30% of the tumor mass. Ontogenetically distinct macrophage populations exist within the brain TME, including both tissue-resident microglia and bone marrow-derived macrophages Hambardzumyan et al., 2016) (Figure 1A ). Microglia develop from embryonic yolk sac progenitor cells (Ginhoux et al., 2010; Gomez Perdiguero et al., 2015) , and are not replenished postnatally through peripheral mononuclear hematopoiesis (Ajami et al., 2007) . Therefore, the maintenance of microglia in the normal adult brain is thought to occur through prolonged cellular longevity and local proliferation (Ajami et al., 2007; Elmore et al., 2014; Gomez Perdiguero et al., 2015) . Similarly, non-parenchymal macrophages within the CNS arise during embryonic development, and are largely stable populations during adult life (Goldmann et al., 2016) . By contrast, in response to perturbations of tissue homeostasis or pathological conditions, circulating monocytes are recruited to the brain parenchyma and give rise to bone marrow-derived macrophages (BMDMs) (Shi and Pamer, 2011) . These cells are replenished through monocytosis, particularly during tumor progression where the integrity of the BBB can be compromised and permissive to inflammation (Weiss et al., 2009) . Whether microglia and BMDMs have distinct functions in the brain TME has been controversial, and is a topic of active investigation.
Until recently, it has not been possible to definitively distinguish between brain macrophage populations without the use of genetic lineage tracing models in mice, which obviously cannot be directly translated to humans. Most studies that do not utilize lineage tracing have instead relied on differential CD45 expression levels to distinguish microglia (CD45 low ) from BMDMs (CD45 high ). However, while this approach is reasonably accurate for mouse models, it does not seem to hold true in human brain tumors . In recent years, more accurate cell surface markers for flow cytometry that discriminate microglia and BMDMs have emerged. For example, Tmem119 is enriched on microglia, but not BMDMs, in human brain tissue and mouse models of inflammation (Bennett et al., 2016 ). Cx3cr1 and Siglec-H are also expressed by normal microglia, but not by macrophages derived from lung, peritoneum or spleen (Gautier et al., 2012) . However, in brain tumors, subsequent studies have demonstrated that peripherally-derived macrophages can assimilate to the local TME upon entry into the brain, by upregulating 'microgliaspecific' genes including Cx3cr1 . In the context of brain malignancy, CD49D/ITGA4 was recently identified as a marker for BMDMs but not microglia, thus enabling accurate discrimination and isolation of these distinct cell types in both patient and murine tumors . Collectively, these studies represent an invaluable resource as we can now explore how macrophage ontogeny translates to function in brain tumors and other neuropathologies, and definitively determine the relative contributions of BMDMs versus microglia to different brain tumor phenotypes.
Prior to these developments, the majority of literature on functional contributions of TAMs to brain tumors has focused on bulk cell populations. Importantly, the dogma that macrophages exist along a simple linear M1-M2 phenotypic continuum has been disputed. Many groups are instead focused on defining context-specific macrophage activation and phenotype as a measure of functional diversity (Ginhoux et al., 2015; Qian and Pollard, 2010) . TAMs within the brain tend to be pro-tumorigenic and accumulate with higher tumor grade (Hambardzumyan et al., 2016; Komohara et al., 2008) . Furthermore, analysis of patient glioma tissue indicates that TAMs produce low levels of pro-inflammatory cytokines and lack expression of key molecules involved in T cell co-stimulation (e.g. CD86, CD80, CD40), suggesting that they are poor inducers of T cell responses in glioma (Hussain et al., 2006) . While TAM depletion strategies in several types of cancer can provide a survival advantage, the effects of targeting TAMs in brain tumors seem to be more context-dependent. Recent studies have described an important role for colony stimulating factor-1 receptor (CSF-1R) in brain TAM biology, such that inhibition of CSF-1R either depletes (Coniglio et al., 2012) or depolarizes TAMs (Pyonteck et al., 2013; Quail et al., 2016) , depending on the preclinical model tested, leading to reduced glioma growth and invasion. Interestingly, in studies that show TAM population persistence in the face of CSF-1R inhibition due to the production of specific survival factors (including GM-CSF and IFNγ) (Pyonteck et al., 2013) , the resultant changes in TAM gene expression and phenotype (e.g. enhanced phagocytosis of glioma cells) resulted in a far more pronounced effect on glioma regression compared to TAM depletion. In regression trials of high-grade lesions this led to a substantial survival effect (0% survival by 17 weeks in control mice versus 44% survival at the 26 week endpoint in CSF-1R inhibitor-treated mice) .
Given the robust effects of TAM inhibition on blocking gliomagenesis (Pyonteck et al., 2013) , it is not surprising that activated TAMs have been shown to regulate glioma stem cell pools within the brain (Sarkar et al., 2014; Wu et al., 2010; Zhou et al., 2015) . In addition, TAMs have been implicated in brain tumor angiogenesis and resistance to anti-angiogenic therapies (De Palma et al., 2005; Lu-Emerson et al., 2013; Piao et al., 2012) , and may also contribute to the colonization and outgrowth of brain metastases (Pukrop et al., 2010; Sevenich et al., 2014) , in part through their ability to modulate vessel integrity and function. In light of their plasticity, increasing advances are being made to develop strategies that reeducate macrophages to specifically adopt anti-tumor phenotypes in cancer, including brain tumors, which are likely to be more efficacious than collectively depleting all TAM populations (Bowman and Joyce, 2014; Quail and Joyce, 2013) . Whether CSF-1R inhibitors ultimately represent the most effective means to achieve this goal remains to be seen, as different preclinical glioma models have shown that acquired resistance to CSF-1R inhibition ultimately develops in approximately half of the treated animals .
Dendritic cells-Dendritic cells (DCs) are myeloid-derived, highly potent antigenpresenting cells (APCs) that stimulate T cell responses ( Figure 1B ). In the brain, early studies demonstrated that microglia are the predominant APCs, and that DCs play a lessprevalent role (Hart and Fabre, 1981; Hickey and Kimura, 1988; Lowe et al., 1989; Ulvestad et al., 1994) . Therefore, application of DC biology within the brain TME field has largely taken a different tack; as interest for immune checkpoint inhibitors in cancer therapy continues to expand, DC vaccines are likewise gaining significant clinical attention as an alternative strategy to stimulate T cell responses (Anguille et al., 2014; Palucka and Banchereau, 2012) . DCVax-L, an autologous tumor lysate-pulsed DC vaccine, is furthest along in this regard, with early clinical trials reporting a median survival of 31.4 months in glioblastoma patients (Prins et al., 2011) -an improvement over historical controls of 14.6 months for the standard of care comprising radiation and temozolomide chemotherapy (Stupp et al., 2005) . As a result, Phase III trials have now been initiated (ClinicalTrials.gov identifier: NCT00045968) ( Table 1) .
Recent studies have also attempted to identify factors that dictate and/or enhance DC vaccine efficacy. For example, pre-conditioning the vaccination site with an inflammatory stimulus (e.g. tetanus toxoid) significantly increased DC homing to nearby draining lymph nodes, leading to prolonged progression-free and overall survival in glioblastoma patients (Mitchell et al., 2015) . Murine models demonstrated that this phenomenon was dependent on the chemokine CCL3, as pre-conditioning efficacy was blunted in Ccl3 −/− mice (Mitchell et al., 2015) . In another study, DC vaccination was combined with induction of immunogenic cell death (ICD) via hypericin photodynamic therapy to generate enhanced anti-tumor responses in preclinical glioma models (Garg et al., 2016) . This treatment regimen caused cancer cells to become highly immunogenic through the release of danger signals that induced potent Th1 immunity, leading to a substantial improvement in overall survival (0% survival at ~30 days in control mice versus 70% survival at 100 days in ICDbased DC vaccine mice) (Garg et al., 2016) . Together these studies, along with initial results from clinical trials, demonstrate the anti-tumor potential of DC vaccines in glioblastoma, which are largely untreatable tumors in the clinical setting.
Neutrophils-Granulopoiesis occurs in the bone marrow and gives rise to multiple granulocytic immune cell subsets, which are mobilized into the blood during inflammation (Coffelt et al., 2016; Nicolas-Avila et al., 2017) . The most abundant granulocyte in humans is the neutrophil, which can comprise up to 70% of total leukocytes in the body (Coffelt et al., 2016) . Most studies to date on neutrophils and brain tumors have focused on the impact of these cells on the response to anti-angiogenic therapy and vascularity -a hallmark feature of high-grade glioma. Clinically, while it has been shown that high peripheral neutrophil count prior to treatment correlates with positive initial response to the anti-VEGF-A antibody bevacizumab (Bertaut et al., 2016) , enhanced neutrophil infiltration into tumor tissue is associated with acquired resistance and higher glioma grade at later stages (Fossati et al., 1999; Liang et al., 2014) (Figure 1C ). These studies and others suggest that neutrophils may have prognostic value in glioblastoma (Bertaut et al., 2016; Fossati et al., 1999; Gabrusiewicz et al., 2016; Liang et al., 2014) . Indeed, preclinical studies have shown that neutrophils contribute to glioblastoma progression by supporting the expansion of the glioma stem cell pool in a manner that is dependent on S100 proteins (specifically, S100A4) (Liang et al., 2014) . S100 proteins have also been strongly connected to secondary dissemination, particularly for breast cancer (Bresnick et al., 2015) . While a comprehensive characterization of the brain pre-metastatic niche remains very limited compared to other common secondary organs such as the lung, it has been shown that S100A8 and S100A9 are upregulated in the premetastatic brain leading to recruitment of neutrophils, which support subsequent metastatic seeding . These observations are reminiscent of what has been shown in other metastatic organs that are not subject to immune privilege (Casbon et al., 2015; Coffelt et al., 2015; Liu et al., 2016; Wculek and Malanchi, 2015) , supporting the concept that in the context of a tumor, the brain may be aberrantly exposed to pathologic inflammation that influences disease progression. Moreover, from a prognostic standpoint, a high ratio of neutrophils to lymphocytes in the peripheral blood is associated with reduced survival time, including following surgical resection, for both brain metastasis and glioblastoma patients (Bambury et al., 2013; McNamara et al., 2014; Mitsuya et al., 2016) . It will therefore be imperative going forward to develop a more complete understanding of how the brain microenvironment changes in response to a primary tumor outside the CNS, in an analogous manner to what has been shown for other secondary organs such as lung or liver.
Lymphoid cells
The lymphoid arm of the immune system is primarily composed of T cells, B cells and NK cells. Lymphopoiesis involves the bone marrow and the thymus, from which mature T cells are released to peripheral lymphoid organs where they are primed by engaging with professional APCs. This priming phase leads to clonal expansion of T cells with antigenspecific effector functions, which then infiltrate effector tissues (Chen and Flies, 2013) ( Figure 1D ). In patients, it is unclear whether further adaptation to specific microenvironments occurs during effector phases of anti-tumor immunity. This question has been explored using syngeneic murine brain tumor models, whereby adoptive transfer of antigen-experienced tumor-specific CD8 + T cells exhibited proliferation and differentiation within the brain, leading to enhanced retention within the effector microenvironment (Masson et al., 2007) . Mechanistically, the authors observed that interaction with the brain TME caused re-education of CD8 + T cells (for example, through induction of α E (CD103) β 7 integrin) in a manner that was recapitulated in human glioma samples (Masson et al., 2007) . This study critically demonstrated that the local microenvironment can alter T cell effector function during anti-tumor immunity, even within the brain, where T cell-mediated inflammatory responses are minimal under normal physiological contexts.
Enhancing T cell activation by enabling co-stimulation, e.g. through the use of checkpoint inhibitors, is an emerging field of cancer therapy, and is currently under clinical investigation in patients with brain tumors (including primary gliomas or brain metastases). These clinical studies are being conducted either in combination with standard of care treatment or in recurrent late-stage disease (Cohen and Kluger, 2016; Fecci et al., 2014) . In mouse glioma models, blockade of the checkpoint molecule CTLA-4 leads to prolonged survival and enhanced CD4 + helper T (Th) cell activity (Fecci et al., 2007) . Consistently, administrating tumor lysate vaccines in combination with an Fc-OX40L fusion protein (a T cell costimulatory molecule) results in a 50% cure rate via enhanced tumoricidal lymphocytes, and long-term immunologic memory against glioma cells (Murphy et al., 2012) . Adding temozolomide to this treatment regimen yields an even more pronounced effect on survival (Murphy et al., 2012) . Finally, in the metastatic setting in patients, studies in melanoma are beginning to demonstrate efficacy of the anti-CTLA-4 antibody ipilimumab for patients with CNS metastases (Konstantinou et al., 2014; Margolin et al., 2012; Queirolo et al., 2014) . Whether this also applies to patients with non-small cell lung cancer, the most frequent source of brain metastases, is now under active investigation, and early results have been promising (Dudnik et al., 2016; Goldberg et al., 2016 ).
An alternative means to boost T cell responses is by blocking immunosuppressive lymphocytes, such as CD4 + CD25 + FOXP3 + T regulatory cells (Tregs; Figure 1D ). Glioma patients exhibit a decrease in absolute numbers of circulating Th cells; however, there is an increased proportion of immunosuppressive Tregs within the remaining CD4 + cell pool in blood (Fecci et al., 2006a) , and a prominent infiltrating Treg population within tumor tissues (Hussain et al., 2006) . Similarly, in murine glioma models, it has been shown that while Th cell numbers are reduced overall, immunosuppressive Tregs comprise a large fraction of the remaining CD4 + cell fraction in blood, lymph nodes, and spleen (Fecci et al., 2006b ). Treating mice with neutralizing antibodies against CD25 eliminated the suppressive function of Tregs, thereby increasing cytotoxic T cell anti-tumor functions. Furthermore, when combined with DC vaccinations, neutralization of CD25 resulted in 100% glioma cell rejection in animal models (Fecci et al., 2006b ). These studies demonstrate that reprogramming of immunosuppressive T cell subsets in the context of glioma, and potentially other brain tumors, may be sufficient to boost anti-tumor immune responses.
The brain vasculature
Blood-brain barrier (BBB)-The presence of the BBB uniquely distinguishes the brain from other organs, by providing a selective barrier between the systemic circulation and the brain. The BBB thus protects this essential organ from infection and toxic substances, though it simultaneously limits the delivery of many therapeutic agents. Indeed, the BBB is estimated to block the transport of ~98% of molecules, thus representing a major challenge for treating brain tumors. However, various brain pathologies including cancer can display a loss of BBB integrity resulting in leakiness (Abbott et al., 2006; Davies, 2002; Papadopoulos et al., 2001 ). This may in part explain why several BBB-impenetrable agents have nevertheless shown clinical efficacy; for example, as discussed below, antibodies against CTLA-4 in patients with small, asymptomatic melanoma-to-brain metastases have shown clinical benefit akin to their efficacy for other sites of non-CNS metastasis (Margolin et al., 2012) .
The BBB is composed of specialized endothelial cells, pericytes and astrocytic foot processes, which dictate junctional integrity (Abbott, 2013; Abbott et al., 2006) . Microglia can additionally contribute to regulating BBB integrity (da Fonseca et al., 2014) ( Figure  2A ), and specifically repair the BBB following injury in a purinergic receptor P2RY12-dependent manner (Lou et al., 2016) . Interestingly, the composition and integrity of the BBB can be dictated by the molecular subtype of tumors, as shown for pediatric medulloblastoma (Phoenix et al., 2016) . Medulloblastoma can be classified into four different subtypes, with WNT-driven tumors showing the best response to therapy. This was recently attributed to the absence of a functional BBB specifically in the WNT subtype, in which an aberrant and extensively fenestrated vasculature allows the accumulation of high levels of chemotherapeutic agents in the brain (Phoenix et al., 2016) . The SHH-driven subtype, by contrast, has an intact BBB which renders it impermeable to chemotherapy. However, by specifically manipulating the levels of tumor-endothelial cell paracrine signaling in SHHmedulloblastomas, the authors could improve brain penetration of the chemotherapy vincristine, thereby increasing survival. These results have important clinical implications for treatment of medulloblastoma, as all patients currently receive vincristine regardless of subtype. Thus, administration of vincristine in combination with agents that transiently open the BBB, or nanoparticle formulations for example (Abbott, 2013; O'Keeffe and Campbell, 2016) , might be necessary to improve drug delivery in this tumor and other brain malignancies in which the BBB remains intact.
While the BBB restricts the entry of many molecules and cells, it is not an impenetrable barrier to transmigration of metastasizing cancer cells. Indeed, in this regard, it has been proposed that the brain can function as a sanctuary site for metastatic cells that effectively breach the BBB, where they are subsequently protected from the effects of chemotherapy and other agents that cannot penetrate the brain (Eichler et al., 2011; Steeg et al., 2011) . Metastatic cells utilize different approaches to cross the multiple cell layers that constitute the BBB, including proteolysis of junctional adhesion molecules, such as JAM-B (Sevenich et al., 2014) . Interestingly, in the case of breast-to-brain metastasis, proteases that are typically expressed by immune cells, such as cathepsin S, are upregulated in metastatic cells which successfully penetrate and seed within the brain (Sevenich et al., 2014) . This phenomenon may indicate a type of 'leukocytic mimicry' through which metastatic cells could execute immune expression programs that promote cell migration and invasion. In other studies, additional factors have been identified as potential site-specific mediators of BBB transmigration, including PTGS2, HB-EGF, ST6GALNAC5 (Bos et al., 2009 ), PLEKHA5 (Jilaveanu et al., 2015) , and the serum factor PLGF (Li et al., 2013) . It is also becoming apparent that BBB integrity is heterogeneously affected within brain tumors (Lockman et al., 2010; Morikawa et al., 2015) . For example, in brain metastases, composition variance of pericyte subpopulations is associated with differential permeability (Lyle et al., 2016) , and correspondingly only drugs designed to fully penetrate the BBB are therapeutically efficacious (Osswald et al., 2016) . Together, these emerging studies indicate that different components of the brain TME can fundamentally regulate the properties of the BBB, necessitating an integrated analysis of these cellular and extracellular mediators in the future to improve the efficacy of brain-targeted therapies.
Angiogenesis-High vascularity is a hallmark feature of glioblastoma. In contrast to the specialized heterotypic BBB in normal brain tissue (Abbott et al., 2006) , the tumorassociated vasculature within the brain exhibits aberrant organization and poor structural integrity (Jain et al., 2007) . As a consequence of this leakiness, gliomas exhibit deregulated permselectivity and perfusion, high interstitial fluid pressure, extensive hypoxia and necrosis, and edema (Jain et al., 2007) . Not surprisingly, capitalizing on the dependence of primary brain tumors and metastases on a robust vasculature by targeting proangiogenic mediators (e.g. via bevacizumab, sorafinib, sunitinib, etc.) is actively being investigated. However, these efforts have yielded limited successes -and in some cases they have even had detrimental effects. Recent results from a randomized clinical trial of bevacizumab in glioblastoma patients with newly diagnosed disease showed a modest increase in progression-free survival compared to placebo controls (Gilbert et al., 2014) . However, there were no differences in overall survival, and treatment with bevacizumab caused complications that impaired quality of life over time, including hypertension, thrombosis, neutropenia, and reduced cognitive function (Gilbert et al., 2014) . These findings were in part recapitulated by another Phase III study in glioblastoma, which reported no improvement in overall survival and increased incidence of adverse events with the addition of bevacizumab to radiotherapy-temozolomide treatment (Chinot et al., 2014) . However, there were improvements in progression-free survival with bevacizumab treatment, potentially justifying its use as a combination therapy with standard of care (Chinot et al., 2014) . Overall, these results have led to some controversy amongst oncologists, as there are still many unknowns with respect to vascular targeting as a treatment strategy for brain tumors (Fine, 2014; Malkki, 2014) .
Vascular normalization -arguably opposite to the goal of anti-angiogenic therapies and one potential explanation for their clinical shortcomings after long-term treatment (Jain, 2001; Jain, 2005; Jain et al., 2007 ) -has been proposed as an alternative strategy to modulate the tumor vasculature in order to reduce hypoxia, improve perfusion and drug delivery, and ultimately support physiological angiogenesis rather than pathologic angiogenesis (Jain, 2005; Tong et al., 2004; Winkler et al., 2004) . Indirect evidence that this concept could be applicable to glioblastoma patients stems from a clinical trial that tested cediranib Quail and Joyce Page 8 Cancer Cell. Author manuscript; available in PMC 2018 March 13.
monotherapy (a pan-VEGF receptor inhibitor) in patients with recurrent glioblastoma (Batchelor et al., 2010; Batchelor et al., 2007; Sorensen et al., 2009) . By imaging the vasculature via MRI, it was shown that cediranib rapidly normalized vessel size and permeability, leading to a diminution in edema in patients. Whether vascular normalization strategies in brain tumors will be more efficient than vascular depletion, for example through suboptimal dosing or scheduling of anti-angiogenic therapies that are already being applied clinically (Jain, 2005) , remains an ongoing area of investigation.
It is also possible that anti-angiogenic therapies have limited clinical benefit due to insufficient understanding of the unique mechanisms underlying vascularization of brain tumors. Several hypotheses have been put forward to shed light on this issue. First, in contrast to other tissues, it has been shown that normal neural stem cells (NSCs) within the brain are able to differentiate into an endothelial-like phenotype (Wurmser et al., 2004) . More recently, it has been suggested that glioma stem cells retain this ability, as endothelial cells within the glioma vasculature have genomic alterations that recapitulate those of the tumor, such as amplification of EGFR (Ricci-Vitiani et al., 2010; Wang et al., 2010) . It has also been demonstrated that glioma stem cells harbor a transcriptional program that mimics endothelial cells, which correlates with enhanced endothelial-glioma stem cell associations in peritumoral satellite tumor foci (Hu et al., 2016) . Corroborating these findings, several groups have shown that the perivascular niche (PVN) in brain tumors serves as a glioma stem cell reservoir, where endothelial cells secrete factors (e.g. nitric oxide) that maintain the tumor-initiating cell pool (Calabrese et al., 2007; Gilbertson and Rich, 2007; Hambardzumyan et al., 2008; Lathia et al., 2010; Lathia et al., 2015; Pietras et al., 2014) , and similar results have been shown in the NSC-rich subventricular zone of normal brain tissue (Ramirez-Castillejo et al., 2006; Shen et al., 2004; Tavazoie et al., 2008 ) ( Figure 2C ). In a recent study, it was shown that osteopontin, possibly derived from astrocytes in the PVN, supports CD44 + glioma stem cells leading to enhanced tumor outgrowth and radiation resistance (Pietras et al., 2014) . Taken together, these studies collectively demonstrate a critical relationship between the endothelium and normal/glioma stem cells within the brain that may be imperative for understanding how to optimize potential benefit of vascular-targeted therapies.
A second hypothesis that could explain in part the limited clinical success of anti-angiogenic therapy in brain malignancies is vascular co-option (Carmeliet and Jain, 2011) , a nonangiogenic mechanism of tumor vascularization that makes use of preexisting vessels, which has been shown to occur in brain tumors. Indeed, in a syngeneic mouse model of melanomato-brain metastasis, although treatment with a VEGFR2 inhibitor reduced metastases detectable by MRI, histological analyses revealed residual disease that was supported by vessel co-option which compensated for angiogenesis blockade (Leenders et al., 2004) . In support of these findings, mouse models of breast and lung cancer metastasis to brain have shown that tumor-supplied serpins (e.g. neuroserpin, serpin B2) block the anti-metastatic effects of plasmin to promote vascular co-option, creating a microenvironment that is conducive to migration and colonization (Valiente et al., 2014) . Similarly, another recent study used high-resolution imaging techniques to show that melanoma metastases within the brain exhibit angiotropism and vascular co-option to facilitate cancer cell spreading within the brain parenchyma (Bentolila et al., 2016) . Whether these processes also occur in primary brain tumors is less well understood; however, vascular co-option as a potential compensatory mechanism for angiogenesis has major implications for patients with highly vascularized tumors (e.g. glioblastomas) that are eligible for anti-angiogenic therapy.
Lymphatic vessels-The lymphatic system connects the circulatory and immune systems, working in concert with blood vessels to exchange fluid, waste, debris, and immune cells within tissues. Until recently, it was commonly believed that the brain lacked a lymphatic drainage system, in part explaining immune privilege. However, challenging this dogma was the observation that the brain is subject to immune surveillance under normal homeostatic conditions, particularly within the meninges (Ransohoff and Engelhardt, 2012; Shechter et al., 2013) . Furthermore, detection of lymphocyte and tumor cell trafficking from the brain to the cervical lymph nodes suggests that there could be a direct route of passage into the lymphatic system (Goldmann et al., 2006; Mondin et al., 2010) .
Indeed, two recent paradigm-shifting studies led to the discovery of a lymphatic system in mice along the draining cerebral sinuses (Aspelund et al., 2015; Louveau et al., 2015b) . Initial efforts by these authors were focused on identifying mechanisms of CNS immune surveillance and T cell trafficking in and out of the meningeal region, which envelops the brain and spinal cord, when functional lymphatic vessels expressing Lyve-1, VEFGR3, podoplanin, and Prox1, were unexpectedly found along the dural sinuses and meningeal arteries (Aspelund et al., 2015; Louveau et al., 2015b) . Explaining earlier observations of brain-derived cells within distant lymph nodes, both studies demonstrated that these lymphatic vessels serve as conduits to the cervical lymph nodes to exchange fluid and immune cells with the cerebral spinal fluid ( Figure 2B ). Although the existence of these vessels has recently been reported in mice, whether they are present in humans is an important unanswered question. Furthermore, how dural lymphatic vessels might contribute to brain tumor progression, neurodegeneration, or other brain pathologies is completely unknown (Iliff et al., 2015) . For example, it is possible that brain tumors would benefit from therapies targeted against these vessels, via either conventional (e.g. anti-VEGF-C) or brainspecific mechanisms of lymphangiogenesis. Going forward, these open questions will be critical to address.
Astrocyte contributions beyond the BBB
A site-specific role for astrocytes during brain metastases-Astrocytes are one of the most abundant cell types within and unique to the brain microenvironment; therefore, it is likely that metastases that preferentially grow within the brain must find ways to adapt and favorably interact with these unfamiliar cellular players (Massague and Obenauf, 2016; Quail and Joyce, 2013) . In support of this notion, a recent study reported that expression of the tumor suppressor gene PTEN is specifically downregulated in established brain metastases compared to primary tumors and metastases from other common secondary organs (e.g. bone and lung), using mouse models and patient samples (Zhang et al., 2015) . Mechanistic co-culture experiments revealed that microRNAs from astrocyte-derived exosomes were capable of suppressing PTEN expression within brain metastatic cells, leading to enhanced PI3K signaling and increased outgrowth. This astrocyte-driven phenotype was not recapitulated by other microenvironmental cell types, such as fibroblasts, explaining the organ specificity of the reported observations. Furthermore, intracarotid injection of cancer cells harboring a Pten shRNA knockdown yielded no change in size or incidence of brain metastasis compared to control shRNA cells, suggesting that this effect was dependent on transcriptional changes that were driven by the brain microenvironment (Zhang et al., 2015) .
In another study, it was shown that cancer cells within established brain metastases form functional gap junctions with astrocytes in the adjacent microenvironment, thereby establishing a conduit for bidirectional communication to support outgrowth . Through these gap junctions, cancer cells reprogram astrocytes by providing cGAMP to induce a pro-inflammatory program, characterized by the production of a variety of cytokines (e.g. IFNα and TNF). In turn, these cytokines support outgrowth of metastases by activating STAT1 and NF-κB signaling within cancer cells. By interfering with the formation of gap junctions through pharmacological intervention, the authors demonstrated that this heterotypic signaling loop can be blocked, thus mitigating brain metastasis outgrowth ) ( Figure 1E ). The finding that astrocyte-associated gap junctions support brain metastasis progression is consistent with reports of primary astrocytomas being uniquely capable of forming functional gap junctions via connexin 43 to support growth and invasion (Osswald et al., 2015) . This phenotype is not observed in oligodendroglial brain tumors, suggesting that astrocytes are particularly adept at establishing gap junction communication networks with surrounding cells in their microenvironment. While these examples highlight the growth-promoting effects of astrocytes on established brain metastases, the opposite has been shown for earlier steps in the brain metastasis process, whereby astrocytes reduce the survival of newly arriving metastatic cells within the brain (Valiente et al., 2014) . Taken together, these studies demonstrate how astrocytes may play temporally-distinct roles in organ tropism of metastasis to the brain, by providing tumor-stroma interactions that are unique to the brain microenvironment.
Gliosis and wound healing in the CNS: Potential impact on cancer-In response to brain injury, astrocytes become activated to form a protective barrier that limits the extent of tissue damage within the delicate brain tissue, and cooperate with microglia to supply factors that promote axonal regrowth. This process, termed reactive gliosis, is the mechanism of wound healing in the brain, and is the source of a wide variety of growth factors and cytokines that support viability and repair of brain tissue during different forms of injury (Robel et al., 2011; Silver and Miller, 2004; Sofroniew, 2015; Zamanian et al., 2012) . Analogous to the effect of an aberrant wound healing program in epithelial cancers, a provocative question is whether gliosis similarly provides a cytokine-rich niche that stimulates outgrowth of brain tumor cells and confers resistance to therapy. Tangential preclinical evidence supports this notion; for example, during early colonization of brain metastases, the reactive stroma produces the protease plasmin to release astrocyte-bound FasL, which acts as a death signal to mediate cancer cell clearance. Eventually however, this contributes to a strong selective pressure for outgrowth of metastatic cells that produce high levels of serpins, which are protease inhibitors that counteract the effects of plasmin (Valiente et al., 2014) . In glioblastoma, it has been proposed that resistance to macrophage- targeted therapy via CSF-1R blockade may initially be triggered by glial scarring as a result of massive tumor regression, ultimately leading to induction of aberrant IGF-1/PI3K signaling that drives recurrent disease . Consequently, dual inhibition of CSF-1R with either IGF-1R or PI3K signaling blockade resulted in significantly improved long-term responses in preclinical trials ). These studies demonstrate the important contributions of reactive astrocytes in supporting cancer progression and resistance to targeted therapy, as discussed further below, across a variety of different types of brain tumors. Furthermore, although the direct effects of gliosis on brain tumors are currently unknown, the evident parallels between wound healing and cancer more generally suggest that these phenomena should be explored in more detail in order to improve our understanding of tumor cell-microenvironment interactions within the brain.
Neurons
In addition to astrocytes, neurons are a highly-specialized cell type that may also contribute to organ-specific mechanisms of tumor initiation and progression. It is known that neurons can provide mitogenic signals within the brain microenvironment to stimulate growth of neuronal and oligodendroglial precursor cells. Given the interest in stem/progenitor cells as putative cells of origin for gliomas (Liu et al., 2011; Wang et al., 2009 ), these studies give insight into important aspects of the brain tumor niche composition. In a recent study, optogenetic stimulation of neuronal activity in patient-derived xenograft glioma models promoted proliferation of cancer cells through upregulation of neuroligin-3 (NLGN3) in post-synaptic neurons (Venkatesh et al., 2015) . Upon release, soluble NLGN3 subsequently induced PI3K signaling in glioma cells, increased FOS and feedforward-NLGN3 gene expression, and ultimately enhanced proliferative activity. In human glioblastoma, NLGN3
was inversely associated with survival (Venkatesh et al., 2015) . In breast cancer, it has been shown that brain metastases mimic neurons by displaying key elements of neurotransmitter signaling, including upregulated expression of GABA receptors and transporters, and increased GABA catabolism (Neman et al., 2014) . Together these studies suggest that neuronal-specific processes involved in synaptic transmission may have underappreciated mitogenic effects on brain tumors, and that neurotransmitters may inadvertently act as oncometabolites. These provocative questions warrant further investigation given the indispensable role for neurons within the brain.
Brain matrix
The brain extracellular matrix (ECM) differs substantially from other organs in multiple aspects. ECM proteins that are abundantly located throughout the stroma in non-CNS tissues, including collagens, laminins and fibronectin, are typically only found in association with vascular basement membranes within the brain. The predominant ECM constituents of the normal brain parenchyma instead include proteoglycans, glycoproteins and glycosaminoglycans, such as heparan sulfate proteoglycans (HSPGs) and hyaluronic acid (HA). Many of these macromolecules are concentrated in NSC niches (Reinhard et al., 2016) or vascular niches where they contribute to providing a supportive local environment and regulate normal stem cell homeostasis within the brain. Because of the unique composition of the brain ECM and the associated relative proportions of ECM constituents, the mechanisms regulating tumor cell niches, angiogenesis, and invasion are likely to be somewhat different from other tissues. However, to date, comprehensive analyses of the ECM across different brain tumors, which could provide important insights into tumorigenic processes, have been limited. Nonetheless, from candidate-based analyses of individual ECM components, it is known that significant increases in HSPG production occur in gliomas (Lemjabbar-Alaoui et al., 2015; Wade et al., 2013) . These macromolecules can serve as a reservoir for heparin-binding angiogenic growth factors, such as fibroblast growth factors (FGFs) and VEGFs, which are subsequently released in a localized manner by heparanase (Kundu et al., 2016) . Vesselassociated macromolecules, which are upregulated on the glioma vasculature include tenascin C (TNC) and periostin (Brosicke and Faissner, 2015; Mustafa et al., 2012) , which interestingly are also critical niche factors for promoting cancer cell survival (Oskarsson et al., 2014) . Moreover, periostin can be secreted by glioma stem cells to promote recruitment of tumor-promoting M2-like macrophage progenitors from the peripheral circulation (Zhou et al., 2015) .
Conversely, stroma/ECM-regulated mechanisms can contribute to physical exclusion of T cells across different tumor types, presenting a major challenge to immunotherapy delivery and efficacy (Joyce and Fearon, 2015) , and this likely also contributes to immune suppression in brain tumors. For example, high concentrations of TNC in glioma-associated blood vessels apparently 'traps' T cells and prevents their transmigration into the brain parenchyma (Huang et al., 2010) , A recent study, which provided some intriguing insights into the importance of the ECM and tissue mechanics in regulating glioma cell biology, showed that brain ECM stiffness correlated with increasing tumor grade (Miroshnikova et al., 2016) . Interestingly, this was linked to increased levels of TNC and HA, regulated in a HIF1α-dependent manner. The authors also found that the mutational status of the glioma cells had consequences for the extent of ECM stiffness as mutations in the metabolic regulator isocitrate dehydrogenase 1 (IDH1), which are associated with better patient prognosis, decreased TNC expression, ECM stiffness and mechanosignaling (Miroshnikova et al., 2016) . Comparable analyses of how genetic mutations influence other components of the TME in gliomas and additional brain malignancies should provide critical insights and potentially novel therapeutic targets for personalized medicine in the future.
Cancer therapy and the brain TME Targeting the microenvironment in brain tumors-As discussed throughout this Perspective, several approaches to targeting the microenvironment in brain tumors are ongoing in preclinical and clinical studies (see Table 1 for a summary of clinical trials discussed here). CSF-1R inhibitors are currently in clinical trials to target macrophages in glioblastoma in the recurrent setting and/or in combination with standard of care (e.g. BLZ945 with PRD001 anti-PD-1 in solid tumors including recurrent glioblastoma, NCT02829723, Phase I/II; PLX3397 with temozolomide and radiotherapy in newlydiagnosed glioblastoma, NCT01790503, Phase Ib/2; Table 1 ) (Butowski et al., 2015) . DC vaccinations such as DCVax-L have shown promising results, and as a consequence are in advanced clinical trials (newly-diagnosed glioblastoma, NCT00045968, Phase III) (Prins et al., 2011). Neutrophils also hold potential for their prognostic value in patients with primary brain tumors (Bertaut et al., 2016; Fossati et al., 1999) , and metastatic disease (Koh et al., 2016; Mitsuya et al., 2016; Serdarevic et al., 2016) . Targeting the vasculature through antiangiogenic strategies is also relevant in glioblastoma patients given that this tumor type is highly vascularized; however, the current evidence seems to suggest that these strategies may be optimally used in the recurrent setting in combination with additional therapies (Friedman et al., 2009; Kreisl et al., 2009) , rather than as frontline monotherapy on newly diagnosed, untreated disease (Gilbert et al., 2014) . Targeting astrocytes with macitentan (an endothelin receptor antagonist; NCT01499251) or meclofenamate (a cyclooxygenase inhibitor that modulates gap junctions; NCT02429570) has also received clinical interest following important preclinical findings in both primary brain tumors (Kim et al., 2015 ) and brain metastases Lee et al., 2016) ; however, these initiatives are still in their infancy, and early Phase I trials with macitentan showed no benefit for recurrent glioblastoma patients (Rosano et al., 2013) . Finally, as we will discuss below, immune checkpoint inhibitors are gaining significant clinical attention for treatment of both primary brain tumors (e.g. nivolumab with radiotherapy in newly-diagnosed glioblastoma, NCT02617589, Phase III; nivolumab and/or ipilimumab versus bevacizumab in recurrent glioblastoma, NCT02017717, Phase III) (Preusser et al., 2015 ) and brain metastases (e.g. ipilimumab with either nivolumab or fotemustine in brain metastasis, NCT02460068, Phase III) . These studies collectively underscore the clinical potential of targeting the microenvironment, either through monotherapy or via rational combinations, as an alternative, integrated strategy for the management of different types of brain tumors.
The effects of standard of care treatment on the brain tissue landscapeThoughtful consideration about how different treatments might impact critical structures or functions of the brain is imperative, as the goal of cancer therapy is to kill tumor cells while leaving healthy tissue unharmed. This is of particular concern given that the brain is a vulnerable and non-regenerative organ that is indispensable to survival. Current standard of care treatment for glioma, for example, is surgical resection, radiation, and temozolomide chemotherapy for high-grade disease (Stupp et al., 2005) , and procarbazine, lomustine, and/or vincristine chemotherapy for low-grade disease (Buckner et al., 2016) . Adverse effects from these treatment regimens range in severity between individuals, and can include loss of BBB integrity, cytokine deregulation, and ultimately, changes in neuronal integrity and cognitive function, particularly in children (Ahles and Saykin, 2007) . Of particular concern is the potential for significant neurological damage, often with only modest improvements in overall survival. For example, a recent study showed no improvement in quality of life or overall survival after whole brain radiation therapy for patients with lungto-brain metastases (Mulvenna et al., 2016) . Given the high degree of cytotoxicity of these therapies on healthy brain tissue (Weiss et al., 2016) , these findings strongly suggest that supplementation of optimal supportive care with whole brain radiotherapy ought to be reconsidered for the clinical management of brain metastases. Additionally, they indicate that clinical assessment of benefit versus risk in a quantifiable manner is particularly important to minimize additional unnecessary harm to this patient population.
During early phases of tumor regression in response to treatment, standard of care therapies can have positive, immune-supportive effects on the TME. For example, in mouse models of glioma, it has been shown that both temozolomide and radiation treatment cause the release of HMGB1 from dying cancer cells into the microenvironment, where it signals via TLR2 on DCs to enhance anti-tumor immunity (Curtin et al., 2009) . In primary glioma models, treatment with temozolomide also increases cell surface expression of calreticulin, leading to enhanced cross-priming of T cells . Molecular changes such as these ultimately lead to treatment efficacy during early phases of tumor regression. In light of the divergent effects of therapy, however, understanding how to balance the positive and negative effects of treatment on the brain TME in order to optimize efficacy and minimize risk for patients will be important for translational studies going forward.
Microenvironment-mediated resistance to standard of care therapy-Tissuespecific cells within the CNS whose inherent function is to protect the brain from damage, such as astrocytes (Silver and Miller, 2004) , have been shown to also play a role in blunting cytotoxic effects of therapy. For example, in melanoma-to-brain metastasis, tumors within the brain become surrounded by astrocytes, which suppress apoptosis in response to several types of chemotherapy including 5-FU, cisplatin and paclitaxel . Consistent with other findings discussed here, astrocytes achieve this protective effect by establishing gap junctions with cancer cells to sequester cytoplasmic calcium , akin to their neuroprotection functions (Burda and Sofroniew, 2014; Sofroniew, 2015) . In a subsequent study from the same group, it was shown that co-culture of astrocytes with brain metastasis cells from breast or lung induces a pro-survival program in cancer cells, marked by upregulation of GSTA5, BCL2L1 and TWIST1. The induction of these genes supported the protective effects of astrocytes in response to taxol, whereby simultaneous genetic silencing of all three genes reversed this phenotype (Kim et al., 2011) . Corroborating these studies, co-culture of astrocytes with glioma cells protects against apoptosis in response to temozolomide and vincristine, by establishing heterotypic gap junctions via connexin 43 (Chen et al., 2015) . In metastases, astrocyte gap junctions are established in a PCDH7-dependent manner ; it would therefore be of interest to determine whether blockade of these interactions (for example through meclofenamate or tonabersat) in gliomas could improve cytotoxic drug responses. Collectively, these data suggest that cancer cells are able to hijack normal neuroprotective interactions with astrocytes within the brain that are intended to be beneficial, and not detrimental, to the host.
Enhancing immunoreactivity of brain tumors via checkpoint inhibition-
Checkpoint immunotherapy is currently under clinical evaluation for patients with brain tumors, including advanced metastases and glioblastoma. Groundbreaking work by several groups in melanoma patients have demonstrated that high mutation load is associated with increased frequency of neoantigens, and as a consequence, improved response to checkpoint inhibition (Restifo et al., 2016) . These findings are now being translated to other types of cancer, including glioblastoma where some patients exhibit a hypermutator phenotype and DNA-damaging agents (e.g. temozolomide) are part of the current standard of care. A recent clinical study in pediatric gliomas showed that nivolumab treatment of recurrent hypermutant glioblastoma in two siblings with biallelic mismatch repair deficiency led to a significant and sustained therapeutic response (Bouffet et al., 2016) . Similar results have also been reported in metastatic cancers harboring mismatch repair deficiencies and high frequency of somatic mutations (Le et al., 2015) . As a consequence of these findings, combining DNA damaging agents (e.g. chemotherapy, radiotherapy) with checkpoint inhibitors to increase mutation frequency and neoantigen formation, with the ultimate goal of improving treatment response and durability, is now being actively investigated in glioblastoma, brain metastases, and other types of cancer (Restifo et al., 2016) .
Interestingly, a recent study evaluated local versus systemic chemotherapy in combination with anti-programed cell death-1 (PD-1) in glioma models (Mathios et al., 2016) . While local chemotherapy, delivered via carmustine-impregnated polymers, increased tumorassociated DC infiltration and clonal expansion of antigen-specific T cells, systemic delivery of carmustine via intraperitoneal injection caused intratumoral and systemic lymphodepletion. Consequently, anti-PD-1 plus local chemotherapy resulted in a significant survival advantage compared to the combination with systemic chemotherapy (Mathios et al., 2016) , indicating that consideration will also need to be given to dosing route as well as schedule for immunotherapy-combination strategies. Another critical point of consideration will be to evaluate how the tumor subtype/molecular driver influences the immune cell composition, and consequently the efficacy of immunotherapy approaches. Some recent insights into this question have come from preclinical models of medulloblastoma in which group 3 and SHH-driven tumors were compared. Group 3 medulloblastomas had higher percentages of PD-1 + CD8 + cells, and correspondingly, a more pronounced response to PD-1 blockade (Pham et al., 2016) .
Many of the earlier clinical trials for immunotherapy in the context of metastatic disease excluded patients with brain lesions due to poor survival outcomes and caveats pertaining to ability to cross the BBB. However, given that melanoma has a particularly high propensity for brain metastasis, and has been a frontline disease for immunotherapy development, this is an area of research that is now entering active clinical investigation. Indeed, many clinical studies have been initiated to study the effects of different checkpoint inhibitors (e.g. ipilimumab, nivolumab, pembrolizumab, etc.) in combination with chemotherapy and/or radiotherapy in melanoma patients with brain metastases (clinical trials and published results are summarized in Table 1 ) (Cohen and Kluger, 2016) . Comparison of results from these immunotherapy trials indicates that patients with brain metastases may respond similarly to patients with advanced cancer without brain metastases (i.e. patients with metastases in other organs) (Hodi et al., 2010; Margolin et al., 2012) . This suggests that either these antibodies are able to cross the BBB in areas where integrity is compromised to have biological impact, or that reprogramming of immune cells systemically is sufficient to impact disease course within the brain. Regardless of the mechanism of action, these results have promising implications for patients that have previously had extremely limited options for improving prognosis, and raise new insights about whether we should consider treating brain malignancies with agents that cannot (in principle) cross the BBB.
CONCLUSIONS AND FUTURE PERSPECTIVES
From multiple studies over the past decade and more, including representative advances discussed here, it has become clear that the brain TME is a fundamental regulator of cancer progression and therapeutic efficacy in primary and metastatic brain malignancies. Mechanistic insights into the tumor-promoting roles of individual components of the brain TME have led to the identification of multiple potential therapeutic targets, several which are now under clinical evaluation. While there is certainly reason for optimism in targeting and/or re-educating the TME in brain malignancies, as evidenced by encouraging initial results with chimeric antigen receptor (CAR) T cell therapy in a glioma patient case study , we nonetheless have considerable progress to make and many open questions to address in the coming years.
It will be essential to advance our current knowledge of individual brain TME components, as addressed herein, into a more complex microenvironmental landscape in which we analyze these cellular and non-cellular components as part of an integrated whole. Similarly, we expect that major insights will come from a detailed comparison of how distinct molecular subtypes or genetic drivers in cancer cells may differentially sculpt their microenvironment during the course of cancer progression, as already indicated from several studies discussed herein (Miroshnikova et al., 2016; Osswald et al., 2015; Phoenix et al., 2016; Unruh et al., 2016) . Indeed, there are genetic subsets of glioma that do display efficacy to standard of care cytotoxic therapy, for example, those with mutant IDH, or codeletion of 1p and 19q in oligodendrogliomas. Although as a field it is widely appreciated that there are differences in tumor evolution and response to therapy by virtue of different molecular subtypes such as these, appropriate dissection of the different TME determinants of therapeutic response is still in its infancy, and largely untapped clinically. Going forward, it will therefore be critical to determine the many differences in microenvironmental composition between different brain tumor subtypes in order to achieve a comprehensive understanding of tumor biology, including consideration of matrix stiffness, tumor-stromal interactions, and immune cell landscapes.
Moreover, it will be important to globally address how all aspects of the TME are affected by both standard of care therapy and new investigational therapies across all brain tumors and their respective molecular subtypes. From a practical perspective, we need to engage actively with medicinal chemists to continue to improve drug delivery into the brain; a perennial challenge for all brain-targeted therapies, including those that target the TME. Finally, if we cannot take a 'one size fits all' approach for targeting the TME in the brain, we will need to determine where the vulnerable points are to attack at a more personalized level. Given the current advances being made in the immunotherapy and TME fields, however, we can also expect an exciting time ahead for basic research and clinical translation in brain TME biology. there may be tissue-specific reprogramming of neutrophils following their extravasation into tissues. Furthermore, neutrophils can play a role during brain metastasis, where they may seed the pre-metastatic niche in response to S100 inflammatory proteins, to assist in tumor cell colonization. Cancer Cell. Author manuscript; available in PMC 2018 March 13.
